Reactivation of the cell cycle, including DNA replication, might play a major role in Alzheimer's disease (AD). A more than diploid DNA content in differentiated neurons might alternatively result from chromosome mis-segregation during mitosis in neuronal progenitor cells. It was our objective to distinguish between these two mechanisms for aneuploidy and to provide evidence for a functional cell cycle in AD. Using slide-based cytometry, chromogenic in situ hybridization, and PCR amplification of alu-repeats, we quantified the DNA amount of identified cortical neurons in normal human brain and AD and analyzed the link between a tetraploid DNA content and expression of the early mitotic marker cyclin B1. In the normal brain, the number of neurons with a more than diploid content amounts to ϳ10%. Less than 1% of neurons contains a tetraploid DNA content. These neurons do not express cyclin B1, most likely representing constitutional tetraploidy. This population of cyclin B1-negative tetraploid neurons, at a reduced number, is also present in AD. In addition, a population of cyclin B1-positive tetraploid neurons of ϳ2% of all neurons was observed in AD. Our results indicate that at least two different mechanisms need to be distinguished giving rise to a tetraploid DNA content in the adult brain. Constitutional aneuploidy in differentiated neurons might be more frequent than previously thought. It is, however, not elevated in AD. In addition, in AD some neurons have re-entered the cell cycle and entirely passed through a functional interphase with a complete DNA replication.
Introduction
Neurodegeneration in Alzheimer's disease (AD) follows a certain hierarchy affecting some brain areas earlier than others (Braak and Braak, 1991) . The pattern of disease progression, which might provide the key to understand AD pathomechanism, matches the regional degree of neuronal plasticity and inversely recapitulates ontogenetic and phylogenetic brain development (Arendt, 2001) .
As a likely explanation for this selective neuronal vulnerability, it has been hypothesized that adult neurons with a high plastic potential rest in a labile state of differentiation, which is prone to a loss of differentiation control and a subsequent dedifferentiation that renders these neurons highly vulnerable for neurodegeneration (Arendt, 2001 ). This hypothesis is supported by observations on the expression of developmentally regulated genes in AD that correspond to a condition of dedifferentiation and links neurodegeneration to cell-cycle-related events (Heintz, 1993; Arendt et al., 2000) . The re-expression of a multitude of cell-cycle regulators known to control the activation and progression of the cell cycle in dividing cells has been observed previously in degenerating neurons in AD (Smith and Lippa, 1995; Arendt et al., 1996 Arendt et al., , 1998 McShea et al., 1997; Nagy et al.,1997a,b; Vincent et al., 1997; Busser et al., 1998; Ding et al., 2000) . Moreover, applying fluorescence in situ hybridization (FISH) technique to paraffin sections of the adult human CNS, Yang et al. (2001) could provide direct evidence for aneuploidy in AD, but not in normal brain. More recently, however, two groups (Rehen et al., 2005; Yurov et al., 2005) applying FISH to sorted isolated cellular nuclei reported a considerable degree of constitutional aneuploidy in the normal adult human brain, including triploidy and tetraploidy, corroborating cytophotometric observations made several decades ago (Brodskij and Kusc, 1962; Lapham and Johnstone, 1963; Mares et al., 1973) . This kind of constitutional trisomy and tetrasomy might arise at least in part through chromosome mis-segregation during mitosis in neuronal progenitor cells and can persist into adulthood (A. H. . Developmental deficiencies in chromosome segregation giving rise to aneuploid neuronal progenitors have also been suggested as a critical pathogenetic mechanism in AD (Potter, 1991) . Alternatively, trisomic and tetrasomic cells could be the result of cell-cycle re-entry processes and subsequent partial or full DNA replication of mature neurons in the adult CNS, which is potentially associated with neuronal death (Herrup and Arendt, 2002) .
To understand the pathogenetic pathways leading to neurodegeneration in AD and to design potential strategies of prevention that would require to target either the developing or the mature nervous system, it would be essential to determine whether the unscheduled cell-cycle events represent the failure of a cycling neuronal precursor to exit the cell cycle or whether a fully mature neuron has re-entered the cell cycle in response to a stimulus. Here, we developed a novel strategy of single-cell DNA quantification of identified neurons on brain slices, based on slide-based cytometry (SBC), PCR amplification of alu repeats, and chromogenic in situ hybridization (CISH), three independent methods with a high intermethod reliability, and applied this method to quantify the DNA amount of identified neurons in AD and normal adults.
To determine whether the more than diploid DNA content, seen both in control and AD, represents the failure of a cycling neuronal precursor to exit the cell cycle during brain development or whether a fully mature neuron has re-entered the cell cycle, we analyzed the link between DNA content and expression of cyclin B1, a marker of early mitosis and, thus, an indication that cells have entirely passed through S phase.
Materials and Methods
Case recruitment and tissue preparation. Brains from 13 patients with AD (mean age Ϯ SD, 76.3 Ϯ 8.1 years) and 13 healthy controls dying without any history of neurological or psychiatric illness (71.7 Ϯ 10.3 years) were used. Each case of AD met the National Institute of Neurologic and Communicative Disorders and Stroke and Alzheimer's Disease and Related Disorders Association criteria for definite diagnosis of AD. Severity of AD pathology was scored according to Braak and Braak (1991) ; six cases were classified as stage I-II (early stage of the disease), and seven cases as stage V-VI (advanced stage of the disease). Tissue blocks from the entorhinal (Brodmann area 28) and occipital (Brodmann area 17) cortices were fixed in 4% phosphate-buffered paraformaldehyde (4% PFA in PBS), pH 7.4, for 9 d and cryoprotected in 30% sucrose. Sections of 30 m thickness were cut on a freezing microtome.
Immunohistochemistry. For SBC, slices were processed using immunofluorescence staining as described previously (Mosch et al., 2006) . Neurons were identified with the monoclonal mouse-anti-panneurofilament antibody (SMI 311, 1:750; Sternberger Monoclonals, Lutherville, MD). Cyclin B was detected with the polyclonal rabbit-anticyclin B1 (clone H-433, 1:500; Santa Cruz Biotechnology, Heidelberg, Germany) and the DNA was stained with propidium iodide (PI; Sigma, Taufkirchen, Germany). Slices for microdissection and chromogenic in situ hybridization were processed with an avidin-biotin system. Bound SMI 311 antibody was incubated with secondary biotin-conjugated goatanti-mouse antibody (1:500; Dianova, Hamburg, Germany). Subsequently, sections were processed with Extravidin-peroxidase conjugate (1:500; Sigma) and 0.04% 3,3Ј-diaminobenzidine (DAB)/0.015% H 2 O 2 (Sigma) as chromogen. Finally, sections were mounted onto slides, air dried for microdissection, or further processed using CISH.
Slide-based cytometry. SBC was performed using a laser-scanning cytometer (CompuCyte, Cambridge, MA) and the appropriate software, WinCyte version 3.4. The conditions for SBC were optimized for the present application as described previously (Lenz et al., 2004; Mosch et al., 2006) . Each fluorescent event was recorded with respect to size, perimeter, x-y position on the object slide, and maximum (maximum pixel) and overall integral fluorescence intensity. The relative DNA content of the cells was determined by the integral PI fluorescence values and these data were further analyzed using the cell-cycle software ModfitLT, version 2.0 (Verity Software House, Topsham, ME). The entire parahippocampal gyrus was scanned with 80,000 -120,000 analyzed cells for each specimen. The determination of the numerical neuronal density was performed using the tool of WinCyte to record the x-y position of each fluorescence event. A square region with a side length of 1 mm was created and the number of neurons within this region randomly placed 10 times through the entire entorhinal cortex was determined. The relative number of cyclin B1-positive neurons also acquired by means of WinCyte.
Chromogenic in situ hybridization. Hybridization was performed with a ZytoDotCEN 17 probe (ZytoVision, Bremerhaven, Germany), which targets ␣-satellite sequences of the centromere of chromosome 17. The digoxigenin-labeled probe was immunohistochemically visualized using peroxidase-conjugated Fab fragments of an anti-digoxigenin antibody from sheep (Roche Diagnostics, Mannheim, Germany) and nickelammoniumsulfate/DAB/0.015% H 2 O 2 as chromogen. Fixed human lymphocytes dropped on object slides and HeLa cells cultured under standard conditions and grown on coverslips were used as controls. A total of 400 -500 neuronal nuclei sampled throughout all cortical layers of the entorhinal cortex were analyzed for each case. Microdissection and quantitative PCR. Single neurons, identified by immunoreactivity for neurofilaments (SMI 311) were cut from brain slices with a laser microdissector (PALM MicroBeam; P.A.L.M. Microlaser Technologies, Bernried, Germany) and subsequently subjected to DNA quantification. DNA content of individual neurons was quantified through real-time PCR amplification of alu repeats (Walker et al., 2003) , a class of short interspersed elements in the eukaryotic genome, which reach a copy number of ϳ1 million in primates (Houck et al., 1979; Batzer and Deininger, 2002) . Alu repeats were chosen because of their high copy number and low level of polymorphism compared with other short interspersed elements in the eukaryotic genome (Roy-Engel et al., 2001 ). The residual risk of an artificial influence by different copy numbers or single nucleotide polymorphisms in several individuals was avoided by the intraindividual comparison of two different brain areas of each patient. Alu oligonucleotide primers alu-for 5Ј-GTGGCTCA-CGCCTGTAATCCC-3Ј and alu-rev 5Ј-ATCTCGGCTCACTGCAA-CCTC-3Ј, localized in conserved regions of the alu repeats, were designed using the Primer3 program (http://frodo.wi.mit.edu/cgi-bin/primer3/ primer3_www.cgi). Real-time PCR quantification was accomplished in a Rotor-Gene 2000 (Corbett Research, Sydney, Australia). Data were analyzed by the Rotor-Gene 2000 software Rotorgene, version 4.6, and statistics were performed using PlotIT 3.2 (SPE Software, Ville de StGeorges, Quebec, Canada). Human lymphocytes treated identically to human brain tissue were used for control. A DNA amount of 2.07 Ϯ 0.6 pg (mean Ϯ SD) and 4.06 Ϯ 0.5 pg was obtained for one single and two lymphocytes, respectively. For each case, at least 20 SMI 311-immunoreactive cells sampled from all layers of the entorhinal cortex were captured with the microdissector and processed for PCR.
Intermethod reliability of DNA quantification by SBC and quantitative PCR. Intermethod reliability of all three methods for DNA quantification (SBC, CISH, and quantitative PCR) was evaluated by subsequent application of the methods to 48 identified neurons from one case of AD. The specimen was initially processed for immunofluorescence and analyzed by SBC with a laser-scanning cytometer. Subsequently, the slice was subjected to CISH, combined with conventional Nissl staining. Thereafter, identified cells were captured with laser microdissection and subjected to quantitative PCR. For each cell, the PI integral obtained by LSC was plotted against the number of spots and the amount of DNA calculated from the PCR (Fig. 1) .
Results
In the present study, we analyzed the single-cell DNA content at the level of individual neurons in the human entorhinal cortex of normal adult human brain and in patients with AD. This investigation was based on a novel strategy of single-cell DNA quantification of identified neurons that combines SBC, CISH, and PCR amplification of alu repeats, three independent methods with a high intermethod reliability in conjunction with the analysis of expression of cyclin B1, an early mitotic marker.
Intermethod reliability for single-cell DNA quantification
Intermethod reliability of all three methods of single-cell DNA quantification was evaluated through subsequent application of SBC, CISH, and PCR amplification of alu repeats to 48 identical microscopically identified pyramidal neurons of the entorhinal cortex in a patient with early AD.
After processing for CISH, neurons contained either one, two, three, or four hybridization spots. When the PI integral was plotted against the number of hybridization spots, a highly significant correlation was obtained (Fig. 1 A) . Similarly, the PI integral showed a highly significant correlation with the DNA content determined by PCR amplification of alu repeats (Fig. 1 B) . The DNA amount determined by PCR amplification of alu repeats also correlated highly significantly with the number of hybridization spots (Fig. 1C) . Regression analysis between data obtained by SBC, PCR, and CISH indicates a high intermethod reliability between all three techniques ( Fig. 1 A-D) . Based on these correlations, the DNA amount (mean Ϯ SD) of a single diploid neuron identified by two hybridization spots was determined as 2.52 Ϯ 0.87 pg, whereas the DNA content of a neuron with four spots amounted to 5.94 Ϯ 1.28 pg. The mean single-cell DNA content (ϮSD) of lymphocytes treated identically to brain tissue and used for control experiments was determined at 2.07 Ϯ 0.6 pg. The DNA amount of neurons with either one or three hybridization spots was determined as 0.99 Ϯ 0.21 and 4.12 Ϯ 1.45 pg, respectively. Differences in the DNA content were statistically significant (Student's t test) for one-spot versus two-spot cells ( p ϭ 0.0000001), two-spot versus three-spot cells ( p ϭ 0.001), and three-spot versus four-spot cells ( p ϭ 0.023). The largest variance in the single neuron DNA content was observed for neurons with three spots, ranging from 2.1 to 7.2, thus spanning an interval of almost 4n (for comparison, one hybridization spot, 0.75-1.3 pg; two spots, 0.5-4.9 pg; four spots, 4.2-7.8 pg). Despite true aneuploidy, one needs to consider sectioning artifacts through the nucleus to explain this large variance. It can, therefore, not be excluded that a certain fraction of three-spot cells might in fact represent tetraploid cells and, similarly, one-spot cells might represent diploid neurons. Although we tried to minimize the likelihood for these artifacts by optimizing the section thickness (Lenz et al. 2004) , we cannot rule out that our data represent some underestimation of the number of hyperploid neurons.
Quantification of neuronal loss and single-neuron DNA amount by slide-based cytometry
Neurons of the entorhinal cortex were identified by immunocytochemical detection with the pan-neuronal neurofilament marker SMI 311. Sections were counter reacted for the presence of cyclin B1, and nuclear DNA was stained by PI (Fig. 2) . Cyclin B1 was localized preferentially in the neuronal cytoplasm and was found in all cases with AD. Controls could be separated into two different groups based on the expression of cyclin B1. In 7 of 13 controls, cyclin B1 was clearly detected in ϳ30 to 80% of neurons, whereas the other six control cases showed only a marginal indication of cyclin B1 expression in Ͻ10% of neurons. In the additional analysis, both groups were analyzed separately, designated as control group I (marginal cyclin B1 expression) and control group II (strong cyclin B1 expression).
Loss of neurons in the entorhinal cortex of AD brain was quantified by SBC. The numerical density of neurons showed a significant disease-related decline and, compared with control group I, decreased to 85% in group II, to 72% in early AD, and to 52% in advanced AD cases (Fig.  3A) . The frequency of neurons expressing cyclin B1 was increased in AD cases. Although the relative fraction of neurons expressing cyclin B1 was not different between control group II (42 Ϯ 4%) and early AD (39 Ϯ 3%), it was significantly increased in advanced AD stages (61 Ϯ 4%) (Fig. 3B) . Analysis of numerical cell density in conjunction with cyclin B1 expression (supplemental Table 1 , available at www.jneurosci.org as supplemental material) shows that neuron loss in AD affects both cyclin B1-positive and cyclin B1-negative neurons, albeit to a different extent. Whereas in early AD, cyclin B1-positive neurons are more severely reduced in number than cyclin B1-negative neurons, the opposite is true for advanced AD. This could reflect a progressive rate of conversion of neurons toward cyclin B1 expression and persistence at this stage for a longer period. Alternatively, a selective loss of cyclin B1-negative neurons cannot be ruled out.
DNA analysis by SBC identified the majority of neurons in controls as diploid. In control groups I and II, respectively, 89 Ϯ 4 and 88 Ϯ 5% of neurons had a 2n DNA content, whereas 11 Ϯ 4 and 12 Ϯ 5% had a hyperploid DNA content between 2n (diploid) and 4n (tetraploid). (Here we use the term "hyperploid" to designate the group of cells with Ͼ2n and Ͻ4n DNA content.)
In both control groups, 0.4 Ϯ 0.3% of neurons contained a tetrasomic DNA content (Fig. 3C) . In AD, a significant shift of neurons from the diploid to hyperploid and tetraploid DNA content was observed. Neurons with a diploid DNA content were reduced to 77 Ϯ 2 and 70 Ϯ 7% in early and advanced AD, respectively, whereas the fraction of neurons containing DNA between 2n and 4n were increased to 21 Ϯ 2 and 29 Ϯ 8%. The frequency of neurons with a tetrasomic content of DNA was increased in early AD by factor six (2.4 Ϯ 0.7%) and more than doubled in advanced AD (1.1 Ϯ 0.7%).
Analysis of the numerical cell density of neurons with a DNA amount of 2n, 2n-4n, or 4n (supplemental Table 2 , available at www.jneurosci.org as supplemental material) indicated an increase in the number of neurons with Ͼ2n DNA from 38 and 35 neurons per square millimeter in control groups I and II to 57 and 53 in early and advanced AD, respectively. Against the background of a neuronal loss of ϳ28 and 48% in early and advanced AD, respectively, compared with control group I, this reflects a remarkable increase that is most likely attributable to a diseaserelated reactivation of DNA replication. Alternatively, this shift could theoretically also arise from a selective loss of diploid neurons, although we did not obtain any indications for this.
To determine, whether the shift in the single neuron DNA content in AD reflects a constitutional hyperploidy or is the result of cell-cycle activation in mature neurons, we analyzed the link between the DNA content and the expression of cyclin B1 as an early mitotic marker (Figs. 3 D, E) . Cyclin B1 expression occurs at the end of the S phase and reaches peak expression during G 2 and M phase (Ito, 2000) ; the simultaneous analysis of single neuron DNA content and cyclin B1 expression might, therefore, allow to identify neurons that are in an active cycle and progressed beyond the S phase.
There were no significant differences between control and AD cases with respect to the presence of cyclin B1 expression in neu- rons with a DNA content of 2n or between 2n and 4n. Control brains and AD cases, however, clearly dissociated for neurons with a tetraploid DNA content. In controls, all neurons with a 4n content of DNA were negative for cyclin B1. This population of cyclin B1-negative neurons with a tetraploid content of DNA was also present in AD, although it was reduced in number compared with controls (Fig. 3F ) . In addition, a population of cyclin B1-positive 4n neurons was observed in AD, representing the majority of neurons with a tetraploid content of DNA.
Chromogenic in situ hybridization CISH with a chromosome 17 probe consistently revealed distinct hybridization spots in all cell types, including neurons, astrocytes, and microglial cells. In control hybridizations on lymphocytes, Ͼ99% of cells displayed two hybridization spots, which reveals a low rate of aneuploidy (Rehen et al., 2001 ). In cultured HeLa cells, cells with two (58% of cells), three (15%), or four spots (25%) were observed in agreement with previous studies (Hake et al., 2006) , demonstrating the high proliferation rate of these cells (Figs. 4, 5) .
After hybridization of brain sections, two hybridization spots were obtained for the majority of neurons in the entorhinal cortex of both controls and AD patients (control group I, 72 Ϯ 1%; control group II, 71 Ϯ 3%; AD early, 64 Ϯ 1%; AD advanced, 67 Ϯ 2%) (Figs. 4, 5) . In addition, neurons with none, one, or three spots were less frequently observed. The fraction of neurons without any hybridization signal or one spot was not different between controls and AD, and might result from sectioning artifacts partially cutting the nucleus. A small but constant number of neurons in both controls and AD displayed four hybridization spots.
The number of nuclei with three hybridization spots were identical in both control groups (group I, 6 Ϯ 1%; group II, 6.9 Ϯ 0.5%), but about doubled in AD patients (AD early, 12 Ϯ 4%; AD advanced, 13 Ϯ 1%). A small portion of 0.23 Ϯ 0.2 and 0.3 Ϯ 0.1% of neurons showed four hybridization spots in control groups I and II, respectively. The relative number of these neurons with four spots was increased in AD by factor four to five (early AD, 1.3 Ϯ 0.5%; advanced AD, 1.5 Ϯ 0.7%).
DNA quantification by PCR
Subsequently to CISH, the single-cell DNA content was further analyzed in the same cases by laser capture microdissection of neurons in the entorhinal cortex individually identified under the microscope and subsequent PCR amplification of alu repeats. The frequency distribution of single-cell DNA content obtained by this method is displayed in Figure 6A . Comparing AD to controls, a shift toward higher size classes and differences in the shape of the distribution becomes apparent. The distributions of control groups have a single maximum at 2.5-3.5 pg per cell, which corresponds to the size for a 2n DNA content as determined in initial validation experiments (see above) (Fig. 1) . In addition, AD groups displayed a second maximum in the size group of 6.5-7.5 pg per cell, most likely representing tetraploid neurons. This shift toward a higher single neuron DNA content in AD cases is similarly apparent on histograms obtained by SBC (Fig. 6B) .
To exclude pre-existing individual variations in neuronal ploidy as potential cause for AD-related shifts in the amount of neuronal DNA, we comparatively analyzed two brain regions with a comparable cellular composition but different vulnerability toward AD pathology. In contrast to the analysis described above, measurements were confined only to pyramidal neurons. Quantification of single-cell DNA by PCR amplification of alu repeats was performed in parallel on pyramidal neurons of the entorhinal cortex, affected early during the course of AD by neurofibrillary degeneration, and in the occipital cortex, which shows a pathological involvement only at the most advanced stages. By this kind of intraindividual control, potential interindividual differences with influence on the measurement such as resulting from a polymorphism of alu repeats were excluded. In control brains, there was no difference between the DNA content of pyramidal neurons in the entorhinal and occipital cortices (Fig. 7) . In AD cases, however, the average DNA content of individual neurons in the entorhinal cortex was significantly elevated compared with the occipital cortex.
Discussion
In the present study, we determined the DNA content of cortical neurons in both controls and AD patients and the potential association with expression of cyclin B1 as an indicator of cell cycle activation and progression beyond S phase.
The results document a diploid DNA content in the majority of neurons. A constant number between 6 and 12% of neurons in normal adult human brain, however, contains DNA of Ͼ2n, and ϳ0.25 to 0.5% of neurons even reaches a DNA content of 4n. This percentage of neurons with a tetraploid DNA content is somewhat smaller than the rate reported previously for tetraploid neurons in the adult human CNS of ϳ1% determined by fluorescence in situ hybridization for the chromosome 21 in combination with flow cytometry of isolated nuclei (Rehen et al., 2005) . As shown in the present study, these neurons do not express cyclin B1 and, thus, did not re-enter the cell cycle and most likely represent a constitutional tetraploidy derived from chromosome missegregation during mitosis in neuronal progenitor cells (A. H. .
The percentage of hyperploid neurons in the normal adult brain in the present study reached a rate of up to 12%. Based on an FISH analysis with probes against six different chromosomes, a rate of hyperploidy (per individual chromosome) for adult neurons of the human brain between 0.1 and 0.8% was determined previously, which corresponds to a cumulative number of hyperploid nuclei for all chromosomes in the two-digit range indicating a large-scale genomic variation in differentiated neurons (Yurov et al., 2005) . In line with these data are recent reports describing large-scale copy-number polymorphisms for certain genes among normal healthy human individuals (Iafrate et al., 2004; Sebat et al., 2004) .
In AD, the relative number of neurons containing a DNA amount of Ͼ2n is increased, and in most advanced stages of the disease reaching about twice the frequency seen in controls. Although hyperploidy can vary within neuronal populations from single individuals (Rehen et al., 2005) , this progressive shift from a diploid DNA content to a content of Ͼ2n between early to more advanced stages of the disease argues against an increase in constitutional hyperploidy to account for the increased neuronal amount of DNA in AD.
Contrary to controls, the majority of neurons in AD with a tetraploid content of DNA express cyclin B1. This association between an elevated content of DNA and expression of cyclin B1 in AD indicates that some neurons have reactivated their cell cycle and progressed toward the S phase and beyond. The majority of these neurons stay in the S phase with incomplete DNA replication, whereas only ϳ1-2% contain a double DNA content, suggesting a complete DNA replication (Fig. 8) .
These results are in agreement with previous studies of , who detected ϳ3 to 4% of aneuploid hippocampal pyramidal cells in AD by applying FISH to paraffin-embedded sections. The authors further supposed that, because of a re- Figure 6 . A, Frequency distribution of single-neuron DNA content determined by PCR amplification of alu repeats in both control and AD groups. Shift toward higher DNA content in AD cases compared with controls and appearance of a second peak displaying a doubled DNA content are shown (i.e., tetraploid neurons). B, PI integral histograms of single-neuron DNA content obtained by SBC. Each case is represented by a single graph. Similarly to the PCR data, a shift toward a higher DNA content is observed in AD.
stricted hybridization efficiency, this result might even be an underestimation of the real number of aneuploid neurons. The present study indicates that "cycling neurons" (i.e., neurons that have a DNA content of Ͼ2n and at the same time express cyclin B1) are well in the range of ϳ20%, which is much higher than thought previously. Reasons for an incomplete replication of DNA could be an accumulation of DNA damage and a decreased expression and activity of replication enzymes (Kuenzle, 1985; Mazzarello et al., 1992; Lovell et al., 2000; Nouspikel and Hanawalt, 2003) . Developmental deficiencies in chromosome segregation giving rise to aneuploid neuronal progenitors have also been suggested as a critical pathogenetic mechanism in AD (Potter, 1991) . This "chromosome malsegregation hypothesis" is supported by a large body of evidence arising from cytogenetic studies performed to assess structural and numerical chromosome aberrations in cultured peripheral cells of AD patients, as well as an increased risk to develop AD and show chromosomal malsegregation in lymphocytes in young mothers of adults with trisomy 21 (White et al., 1981; Moorhead and Heyman, 1983; Cherry et al., 1992; Percy et al., 1993; Schupf et al., 1994; Migliore et al., 1997 Migliore et al., , 1999 Migliore et al., , 2006 . In particular, as shown in a series of elegant studies in the laboratory of H. Potter (Li et al., 1997; Geller and Potter, 1999; Boeras et al., 2007) , mutations in the presenilin genes that cause AD also cause chromosome instability. Neuronal aneuploidy and polyploidy might contribute to inflammation, amyloidogenic processing of amyloid precursor protein, and apoptosis, which all are critical features of AD (Potter, 2005) . It might, therefore, be tempting to assume that aneuploid neurons are highly prone to death and, thus, preferentially undergo cell death during the course of AD with only a small number (but still higher than controls) surviving.
As shown by the PCR analysis, the increase in the neuronal content of DNA is pronounced in the entorhinal cortex, a brain region affected by neurofibrillary degeneration already in early stages of AD, whereas the occipital cortex, known to be involved in AD pathology only in the most advanced stages of the disease, shows only marginal changes of neuronal DNA content. It might, thus, be suggested that the reactivation of the cell cycle and progression beyond the S phase might be directly related to cell death in AD, and does not occur to a major extent in brain regions that play minor roles in pathology. In the entorhinal cortex, we determined the extent of neuronal death in advanced stages of AD at ϳ50% (Fig. 3A) . Assuming a constant rate of cell death over the duration of the disease, which might be estimated with at least ϳ15 years (corresponding to 5478 d), we can theoretically calculate a rate of neuronal death of ϳ0.01% or 1 in 10,000 per day. If all those 20% of neurons that are in an active cell cycle will eventually die, this process would take ϳ2000 d (20% divided by 0.01%) or Ͼ5 years. This conclusion on cell death in AD as a very slow process is in agreement with previous studies suggesting that affected neurons can survive for years or even decades before they die Morsch et al., 1999; Yang et al., 2001; (Guillozet-Bongaarts et al., 2006) . Despite the expression of cyclin B1 at the G 2 -M phase transition in AD, there is an additional constitutive cyclin B1 expression that is independent of the cellular DNA content both in AD and a subgroup of controls. This expression of cyclin B1 in neurons of the normal adult human brain had similarly been observed in a number of previous studies (Vincent et al., 1997; Busser et al., 1998; Smith et al., 1999; Y. Yang et al., 2003) . Referring to this, alternative cellular functions unrelated to cell cycle regulation in differentiated neurons are discussed, such as regulation of neuronal differentiation and plasticity, initiation of apoptosis, or phosphorylation of tau protein (Tamaru et al., 1993; Shi et al., 1994; Vincent et al., 1997; Schmetsdorf et al., 2005) . Our data show that the relative number of cyclin B1-positive neurons increases only in more advanced cases of AD, but is similar in control and early AD cases. The transition from control to early AD, however, is accompanied by a loss of neurons of ϳ15%. In a previous study, Y. Yang et al. (2003) documented a pronounced expression of cyclin B1 in cases with MCI which potentially . Synoptic overview on results of the current approach to identify cycling neurons in the adult human brain based on the simultaneous determination of single-neuron DNA content and expression of cyclin B1. Cyclin B1 expression occurs at the end of S phase and reaches peak expression during G2 and M phase. Neurons with a DNA amount of Ͼ2n that simultaneously express cyclin B1 are likely to have progressed in an active cycle beyond the S phase. In AD, ϳ2% of neurons are tetraploid expressing cyclin B1, indicating complete replication, whereas ϳ20% express cyclin B1 and contain DNA between 2n and 4n, indicating incomplete replication.
progress toward AD (Y. . It might thus be suggested that cyclin B1-expressing neurons are particularly vulnerable to cell death. The progressive shift from cyclin B1 negativity to positivity might be counterbalanced by an increasing rate of death of these neurons, masking their initial rise in early stages of the disease. This is the first reported application of SBC and quantitative single-cell PCR to quantify the DNA amount of individually identified neurons in the adult human CNS, and we demonstrate a high reliability of both methods together with CISH. Our work extends previous studies analyzing the state of aneuploidy in the adult human CNS, applying FISH to sorted isolated nuclei (Rehen et al., 2005; Yurov et al., 2005) or paraffin-embedded tissue sections , and avoids potential artifacts associated with cell separation and hybridization (Yurov et al., 2005) or large-scale copy number polymorphisms (Sebat et al., 2004) . The use of cytometry together with molecular biology methods is a promising approach to studying mechanisms at molecular and cellular levels (Darzynkiewicz et al., 2001) . Such single-cell analysis with different methods reflects the concept of cytomics and will forward our understanding of the molecular architecture and functionality of neuronal systems (Valet et al., 2004; Kriete, 2005) . As in our studies the DNA content of single neurons determined by SBC is far better correlated to CISH than is the qPCR measurement, we conclude that SBC is a very reliable technique for future studies on the single cell DNA content in tissue sections.
The present study indicates that the frequency of neurons in the adult human brain with a tetraploid level of DNA might be higher than previously thought. In the normal brain, tetraploid neurons are not in an active cycle and most likely are the result of chromosome mis-segregation during mitosis. In AD, some neurons can re-enter the cell cycle and entirely pass through a functional interphase with a complete DNA replication. Thus, at least two different mechanisms can be distinguished giving rise to a more than diploid content of DNA in the adult human brain.
